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ABSTRACT
In an effort to measure the masses of planets discovered by the NASA K2 mission, we have conducted precise
Doppler observations of five stars with transiting planets. We present the results of a joint analysis of these new
data and previously published Doppler data. The first star, an M dwarf known as K2-3 or EPIC 201367065, has
three transiting planets (“b”, with radius 2.1 R⊕; “c”, 1.7 R⊕; and “d”, 1.5 R⊕). Our analysis leads to the mass
constraints: Mb = 8.1+2.0−1.9 M⊕ and Mc < 4.2 M⊕ (95% conf.). The mass of planet d is poorly constrained because
its orbital period is close to the stellar rotation period, making it difficult to disentangle the planetary signal from
spurious Doppler shifts due to stellar activity. The second star, a G dwarf known as K2-19 or EPIC 201505350,
has two planets (“b”, 7.7 R⊕; and “c”, 4.9 R⊕) in a 3:2 mean-motion resonance, as well as a shorter-period
planet (“d”, 1.1 R⊕). We find Mb= 28.5+5.4−5.0 M⊕, Mc= 25.6
+7.1
−7.1 M⊕ and Md < 14.0 M⊕ (95% conf.). The
third star, a G dwarf known as K2-24 or EPIC 203771098, hosts two transiting planets (“b”, 5.7 R⊕; and “c”,
7.8 R⊕) with orbital periods in a nearly 2:1 ratio. We find Mb= 19.8+4.5−4.4 M⊕ and Mc = 26.0
+5.8
−6.1 M⊕. The
fourth star, a G dwarf known as EPIC 204129699, hosts a hot Jupiter for which we measured the mass to be
1.857+0.081−0.081 MJup. The fifth star, a G dwarf known as EPIC 205071984, contains three transiting planets (“b”,
5.4 R⊕; “c”, 3.5 R⊕; and “d”, 3.8 R⊕), the outer two of which have a nearly 2:1 period ratio. We find Mb=
21.1+5.9−5.9 M⊕, Mc < 8.1 M⊕ (95% conf.) and Md < 35 M⊕ (95% conf.).
Subject headings: planetary systems - planets and satellites: composition - stars: individual
(K2-3 (EPIC 201367065), K2-19 (EPIC 201505350), EPIC 204129699, K2-24
(EPIC 203771098), EPIC 205071984) - techniques: radial velocities
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1. INTRODUCTION
The characterization of a planet starts with the measure-
ment of its mass and radius. Without these two quantities, we
cannot even begin to answer the most basic questions about
the planet’s internal structure, atmospheric composition and
formation history. Of particular interest are planets with radii
in the range of 1–4 R⊕, known as “super-Earths” or “sub-
Neptunes.” Despite being the most frequently occurring ex-
oplanets within 1 AU of solar-type stars (e.g. Petigura et al.
2013; Howard et al. 2012; Fressin et al. 2013), they have no
known counterparts in our solar system. Moreover, traditional
core accretion models have trouble explaining why these plan-
ets did not undergo runaway accretion that would have led
to the formation of gas giants (Mizuno 1980; Rafikov 2006;
Bodenheimer & Lissauer 2014; Inamdar & Schlichting 2015;
Lee & Chiang 2015). Detailed characterization of these plan-
ets will shed light on these mysteries.
Only a few dozen Doppler mass measurements of planets
smaller than Neptune have been reported (see, e.g., Marcy
et al. 2014; Howard et al. 2013; Pepe et al. 2013; Dressing
et al. 2015; Motalebi et al. 2015; Gettel et al. 2016; Weiss
et al. 2016). The number has been limited because of the rel-
ative faintness of the host stars of the known transiting plan-
ets. The ongoing NASA K2 mission (Howell et al. 2014) is
gradually providing a larger sample of stars which are bright
enough to be amenable to precise Doppler follow-up obser-
vations. In this paper, we present new Doppler observations
using three different high-resolution spectrographs. By com-
bining these data with previously reported Doppler data (Al-
menara et al. 2015; Petigura et al. 2016; Grziwa et al. 2015),
we placed mass constraints on the planets in five K2 systems:
K2-3, K2-19, K2-24, EPIC 204129699 and EPIC 205071984.
This paper is organized as follows. In Section 2, we present
our transit candidate search pipeline and follow-up target se-
lection which led us to the five K2 systems. Section 3 summa-
rizes the instruments and the details of our Doppler observa-
tions. Section 4 describes the methods we used to analyze the
Doppler observations. Section 5 contains the results of our
analysis for each planet candidate host. Section 6 discusses
the implications of our results in a broader context.
2. K2 PHOTOMETRY AND TARGET SELECTION
The five systems presented in this paper have all been re-
ported previously. They were also independently identified by
the K2 collaboration in which many of us participate, which
is known as ESPRINT (“Equipo de Seguimiento de Plane-
tas Rocosos INterpretando sus Tránsitos” or the “Follow-up
team of rocky planets via the interpretation of their transits”).
The production of calibrated and detrended K2 light curves by
the ESPRINT collaboration was described by Sanchis-Ojeda
et al. (2015). The light curves were searched for transiting
planet candidates with two algorithms. We employed the
Box-Least-Squares routine (Kovács et al. 2002; Jenkins et al.
2010) using the optimal frequency sampling described by Ofir
(2014) and Vanderburg et al. (2016). We also employed a
Fast-Fourier-Transform method (Sanchis-Ojeda et al. 2014)
suitable for detecting short-period planet candidates (< 1 day).
We then removed false positives by looking for the alternat-
ing eclipse depths associated with the primary and secondary
eclipses of eclipsing binaries, and secondary eclipses deep
enough that they could only be caused by a secondary star
rather than a planet.
Candidates that passed these initial tests were then selected
for Doppler follow-up observations based on their scientific
interest and measurement feasibility. Regarding scientific
interest, we preferentially selected systems containing sub-
Neptunes (R< 4 R⊕), because their internal compositions and
formation pathways are poorly understood. In order to esti-
mate the planetary radius, we combined the measured tran-
sit depth with the stellar parameters derived from broadband
photometries. Systems with multiple transiting planet can-
didates, especially those close to mean-motion resonances,
were given higher priority in our selection process. Multi-
candidate systems are less likely to be false positives (Latham
et al. 2011; Lissauer et al. 2011) and transit timing variation
(TTV) analysis of these systems may unveil the orbital config-
urations and offer an independent way of measuring masses.
With the consideration of measurement feasibility, we only
selected targets brighter than V ≈ 13. Another factor affect-
ing the feasibility of Doppler mass measurements is the level
of stellar variability of the host star. Stellar activity such as
spots and plages introduces radial-velocity perturbations on
a characteristic timescale of the stellar rotation period. We
tried to anticipate the level of rotation-induced radial velocity
perturbations using the approximation:
δRVrot =
2piR?
Prot
× δF
F
(1)
where δF/F is the observed fractional photometric variation
and Prot is the rotation period, both of which were estimated
from the K2 data. We did not pursue systems for which δRVrot
was significantly higher than the anticipated Doppler signal.
Using these criteria, we selected a few targets per K2 cam-
paign for Doppler follow-up observations.
3. DOPPLER OBSERVATIONS
The Doppler observations presented in this paper were ob-
tained with three spectrographs: the High Accuracy Radial-
velocity Planet Searcher (HARPS) at the ESO La Silla 3.6m
telescope, the Carnegie Planet Finder Spectrograph (PFS) on
the 6.5m Magellan/Clay Telescope at Las Campanas Obser-
vatory in Chile, and the Tillinghast Reflector Echelle Spectro-
graph (TRES) on the 1.5m Tillinghast telescope at the Smith-
sonian Astrophysical Observatory’s Fred L. Whipple Obser-
vatory on Mt. Hopkins in Arizona.
HARPS is an échelle spectrograph that employs the
simultaneous-reference method to achieve precise Doppler
observations with long-term stability (Mayor et al. 2003). The
spectral coverage of HARPS spans 378-691 nm and it has
a spectral resolution of ≈115,000. The instrument is sealed
in a vacuum container to maintain stability against temper-
ature and pressure fluctuations. We used the Fabry-Perot
etalon for simultaneous wavelength calibration. The expo-
sure times ranged from 20-45 min. The signal-to-noise ra-
tio (SNR) of the stellar spectra obtained near a wavelength
range of 5500 Å ranged from 20-50. Radial velocities and
uncertainties for our targets were derived using the standard
HARPS Data Reduction Software.
PFS employs an iodine gas cell to superimpose well-
characterized absorption features onto the stellar spectrum.
The iodine absorption lines help to establish the wavelength
scale and instrumental profile (Crane et al. 2010). The de-
tector was read out in the standard 2× 2 binned mode. Ex-
posure times ranged from 15-20 min, giving a SNR of 50-
140 pixel−1 and a resolution of about 76,000 in the vicinity of
the iodine absorption lines. An additional iodine-free spec-
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FIG. 1.— Measured radial velocity of K2-3 (open circles are HARPS data
from Almenara et al. (2015); black circles are new PFS data) and the best-
fitting model (red line) assuming circular orbits. The other colored lines show
the contributions to the model curve from individual planets.
trum with higher resolution and higher SNR was obtained for
each star, to serve as a template spectrum for the Doppler anal-
ysis. The relative radial velocities were extracted from the
spectrum using the techniques of Butler et al. (1996). The in-
ternal measurement uncertainties (ranging from 2.5-4 m s−1)
were estimated based on the scatter in the results to fitting
individual 2 Å sections of the spectrum.
TRES is a fiber-fed échelle spectrograph with resolving
power of 44,000 and wavelength coverage 390-910 nm.
Wavelength calibration is achieved using exposures of a
Thorium-Argon hollow cathode lamp through the science
fiber before and after each observation. The relative veloci-
ties reported for EPIC 204129699 in this paper were derived
by cross-correlating the individual observations against the
strongest observation, which thus defines the velocity zero
point. The mean SNR per resolution element for the ten obser-
vations reported here was 40, the average exposure time was
10 minutes, and the average internal error estimate, derived
from the scatter of the velocities for the individual échelle
orders in each observation, was 15 m s−1. Some of the or-
ders were not included in the velocity determinations, either
because the orders were contaminated by telluric lines intro-
duced by the Earth’s atmosphere, or the exposure level in the
order was too weak, typically at the shortest wavelengths.
4. RADIAL VELOCITY ANALYSIS
We modeled the Doppler measurements for each system
as the sum of Keplerian radial velocity signals, one for each
planet candidate identified in the K2 photometry. We fixed the
orbital periods and times of inferior conjunction at the values
derived from K2 photometry. We allowed the Doppler semi-
amplitude K induced by each planet to be a free parameter,
with a uniform prior. We note in particular that we did not
require K to be positive. If we knew our model to be correct
in all relevant details, and had a fundamental understanding
of the uncertainties in the data points, the proper Bayesian
approach would be to use a prior on K that precludes nega-
tive values because they correspond to unphysical solutions
(negative planet masses). However, given that our model may
fail to include significant effects arising from stellar activity
or additional planets, we opted not to place a prior on K that
would rule out negative values. In this way, when we find
K < 0 we will know the model is missing important sources
of radial-velocity variation.
For each system we performed two fits: one in which the
orbits were assumed to be circular, and one with eccentric or-
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FIG. 2.— Radial velocity as a function of time since mid-transit, for each of
the planets in the K2-3 system (open circles are HARPS data from Almenara
et al. (2015); black circles are new PFS data). In each case, the modeled
contributions of the other two planets has been removed, before plotting.
bits. In the first case, the radial velocity perturbation due to
each planet is specified only by its Doppler semi-amplitude
K. For eccentric models, the eccentricity e and argument of
periastron ω are also needed. To guard against the bias to-
wards non-zero eccentricity (Lucy & Sweeney 1971), we used
the fitting parameters
√
ecosω and
√
esinω. For each obser-
vatory, we included a constant velocity offset γ and a jitter
parameter σjit to subsume additional astrophysical and instru-
mental sources of apparent radial-velocity variation in excess
of our internally-estimated measurement uncertainties. We
also tested whether the inclusion of a constant acceleration
term γ˙ improved the model fit.
We adopted the following likelihood function:
L =
Nins∏
k=1
NRV,k∏
i=1
 1√
2pi(σ2i +σ2jit, k)
exp
[
−
[RV (ti)−M(ti)]2
2(σ2i +σ2jit, k)
] ,
(2)
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FIG. 3.— The bisector span (BIS) and radial velocity variations from
HARPS, for the K2-3 system. The color coding shows the SNR of the stel-
lar spectra obtained near a wavelength range of 5500 Å. The uncertainty in
the BIS was assumed to be twice the uncertainty in the radial velocity mea-
surement. The Pearson correlation coefficient and the corresponding p-value
were calculated to be 0.36 and 0.018. This suggests the presence of stellar
activity signal, as the p-value indicates that the observed degree of correla-
tion has only a 2% chance of being produced by uncorrelated noise. See text
for details.
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FIG. 4.— Measured radial velocity of K2-19 (open circles are new HARPS
data; black circles are new PFS data), and the best-fitting model (red line) as-
suming circular orbits. The other colored lines show the contributions to the
model curve from individual planets. To account for radial velocity pertur-
bations from stellar activity, the data points within each 12-day interval were
grouped together, and allowed to shift up or down by a constant velocity spe-
cific to the group (see text for details).
where RV (ti) is the measured radial velocity at time ti;M(ti) is
the calculated radial velocity at time ti for a particular choice
of model parameters; σi is the internal measurement uncer-
tainty; σjit, k is the jitter for the kth instrument; NRV,k is the
number of observations obtained with the kth instrument and
Nins is the number of instruments involved for each system.
Uniform priors were adopted for all model parameters.
We maximized the likelihood using the Nelder-Mead
(“Amoeba”) method as implemented in the Python scipy
package. To determine the parameter uncertainies and covari-
ances, we employed a Markov Chain Monte Carlo method.
We used the affine-invariant ensemble sampler proposed by
Goodman & Weare (2010) and implemented in the Python
package emcee (Foreman-Mackey et al. 2013). We started
100 walkers in a Gaussian ball surrounding the best-fitting
model parameters as obtained from the maximum likelihood
estimation above. We stopped the walkers after 5000 links
and checked the convergence by ensuring that the Gelman-
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FIG. 5.— Radial velocity as a function of time since mid-transit, for each
of the planets in the K2-19 system (open circles are new HARPS data; black
circles are new PFS data). For each planet, the modeled contributions of the
other two planets has been removed, before plotting.
Rubin potential scale reduction factor (Gelman et al. 1993)
dropped below 1.03. We report the median of the marginal-
ized posterior distribution, and defined the uncertainty inter-
val based on the 16% and 84% percentile levels of the cumu-
lative distribution.
We assessed the statistical significance of eccentric orbits
and constant acceleration terms using the Bayesian Informa-
tion Criterion, BIC = −2× log(Lmax)+N log(M), where Lmax
is the maximum likelihood, N is the number of parameters
and M is the number of observations (Schwarz 1978; Lid-
dle 2007). As another measure of the significance of various
models, we also report the root-mean-square (RMS) of the
radial-velocity residuals for comparison with the RMS of the
original radial velocity measurements.
To test whether the best-fitting model is likely to be dynam-
ically stable, we calculated the orbital separations in units of
mutual Hill radius:
∆ =
aout −ain
RH
. (3)
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FIG. 6.— The bisector span (BIS) and radial velocity variations from
HARPS for the K2-19 system. The color coding shows the SNR of the stellar
spectra obtained near a wavelength range of 5500 Å. The uncertainty in the
BIS was assumed to be twice the uncertainty in the radial velocity measure-
ment. No correlation was observed.
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FIG. 7.— Measured radial velocity of K2-24 (open circles are new HARPS
data; black circles are new PFS data; triangles are HIRES data from Petigura
et al. (2016)), and the best-fitting model (red line) assuming circular orbits
and an additional constant acceleration. The gray line shows the constant ac-
celeration term. The other colored lines show the contributions to the model
curve from individual planets.
RH =
[
Mout + Min
3 M?
]1/3 (aout +ain)
2
. (4)
where Min and Mout are the masses of the inner and outer
planets and ain and aout are their semi-major axes. For two-
planet systems, we used the analytical criterion for stability:
∆ > 2
√
3 (Gladman 1993). For systems with three planets,
we used heuristic criterion for long-term dynamical stability
proposed by Fabrycky et al. (2014): ∆1 +∆2 > 18 where ∆1
and∆2 are calculated respectively for the inner and outer pair
of planets.
By modeling the observed Doppler shifts as the sum of
Keplerian radial velocity signals, we implicitly assumed that
gravitational interaction between planets can be ignored. We
tested and ultimately justified this assumption by experiment-
ing with a fully dynamical (N-body) model obtained from the
4th order Hermite integration scheme that is available on the
Systemic console (Meschiari et al. 2009). By maximizing the
likelihood function with this dynamical model, we found that
the best-fitting system parameters were consistent with those
derived from our simpler multi-Keplerian model. We then ex-
amined the deviations between the radial velocities calculated
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FIG. 8.— Radial velocity as a function of time since mid-transit, for each
planet in the K2-24 system (open circles are new HARPS data; black circles
are new PFS data; triangles are HIRES data from Petigura et al. (2016)). In
each case, the modeled contributions of the other planet has been removed,
before plotting.
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FIG. 9.— The bisector span (BIS) and radial velocity variations from
HARPS for the K2-24 system. The color coding shows the SNR of the stel-
lar spectra obtained near a wavelength range of 5500 Å. The uncertainty in
the BIS was assumed to be twice the uncertainty in the radial velocity mea-
surement. The Pearson correlation coefficient and the corresponding p-value
were calculated to be -0.14 and 0.70. The large p-value suggests no signifi-
cant correlation between BIS and radial velocity variations.
in the dynamical model and the radial velocities in the Ke-
plerian models. Over the timespan of our observations, the
maximum deviation occurred for the K2-19 system and had a
numerical value of 0.47 m s−1, which was much smaller than
the uncertainties in the Doppler data (≈3.8 m s−1). For all
the other systems, the deviations were an order of magnitude
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smaller.
Some of the Doppler observations were conducted during
an expected transit of one of the planets. Due to the scarcity
and relatively large uncertainties of Doppler data, we did not
attenmpt to model the Rossiter-McLaughlin (RM) effect in
detail. Rather, we assessed the likely amplitude of the RM
effect, and excluded from consideration the data for which
the RM effect would make a significant contribution to the
overall radial velocity. We estimated the RM amplitude with
the following equation:
∆RVRM =
√
1−b2×
(
Rp
R?
)2
× v sin i, (5)
where b is the impact parameter of the transit, Rp/R? is the
radius ratio between the planet and the host star, and v sin i
is the projected rotational velocity of the stellar photosphere.
For planets for which ∆RVRM was at least comparable to the
measurement uncertainty, we chose to omit the data points
taken during the calculated transit intervals. The planets that
were affected were K2-3b, K2-19b, EPIC 205071984b and
EPIC 205071984c.
In order to test whether the observed Doppler signal could
be associated with stellar activity, we plotted the measured
Doppler shifts against the bisector span (BIS, defined by
Queloz et al. 2001) derived from the cross-correlation func-
tions of the obtained HARPS spectra. (Bisector data is not
available for the other spectrographs.) We also calculated
the Pearson correlation coefficient between the radial veloc-
ity and BIS, and the corresponding p-value which is roughly
the probability that an uncorrelated process would produce a
data set with a correlation coefficient at least as large as the
observed coefficient. The BIS varies as a result of the de-
formation of stellar absorption lines induced by stellar activ-
ity. The gravitational pull of a planet should not change the
BIS. Therefore, a strong correlation between BIS and Doppler
shifts suggests that the observed Doppler shifts are the result
of stellar activity rather than the gravitational influence of the
planet.
5. INDIVIDUAL TARGETS
5.1. K2-3
K2-3 or EPIC 201367065 is a nearby M0V star with three
transiting planets (Crossfield et al. 2015). The planets are on
10.1, 24.6 and 44.6 day orbits with radii of 2.18± 0.30 R⊕,
1.85± 0.27 R⊕ and 1.51± 0.23 R⊕. The outermost planet
may lie within the habitable zone. The host star is relatively
bright (V = 12.17±0.01) and small (R? = 0.561±0.068 R),
thus making the system a favorable target for the James Webb
Space Telescope (JWST). These planets have been validated
by Crossfield et al. (2015), Sinukoff et al. (2015) and Beich-
man et al. (2016) through adaptive optics imaging and Spitzer
transit observations.
We observed K2-3 with PFS from January 28th to April
11th, 2015. We gathered a total of 31 spectra. The typical
internally-estimated measurement uncertainty was 2.5 m s−1.
Initially we modeled only the PFS data, and the results were
not constraining. For all three planets, we could only place
upper bounds on the masses: Mb < 15.1 M⊕ (95% conf.) Mc
< 6.3 M⊕ (95% conf.) Md < 21.1 M⊕ (95% conf.). Nev-
ertheless, the PFS data did serve as an independent check of
the measurements reported by Almenara et al. (2015): Mb =
8.4±2.1 M⊕, Mc = 2.1+2.1−1.3 M⊕ and Md = 11.1+3.5−3.5 M⊕. Their
results were based on the analysis of the 66 HARPS Doppler
400
200
0
200
R
ad
ia
l V
el
oc
ity
 (m
 s
−1
)
PFS HARPS TRES FIES
0 20 40 60 80 100 120 140
Time (days, BJD  2,457,122)
60
40
20
0
20
40
60
R
es
id
ua
l (
m
 s
−1
)
FIG. 10.— Top.—Measured radial velocity of EPIC 204129699 (stars are
FIES data from Grziwa et al. (2015); open circles are HARPS data from
Grziwa et al. (2015); black circles are new PFS data; triangles are new TRES
data). The gray rectangle illustrates the best-fitting K value. (Because of the
short orbital period, the model curve varies too rapidly to be plotted clearly
over the entire time range.) Bottom.—The radial-velocity residuals, after sub-
tracting the best-fitting model assuming a circular orbit.
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Time since midtransit (days)
300
200
100
0
100
200
300
R
ad
ia
l V
el
oc
ity
 (m
 s
−1
)
planet b
FIG. 11.— Radial velocity of of EPIC 204129699 as a function of time
since mid-transit of planet b (stars are FIES data from Grziwa et al. (2015);
open circles are HARPS data from Grziwa et al. (2015); black circles are new
PFS data; triangles are new TRES data).
measurements with an average uncertainty of 2.9 m s−1. For
all three planets, the PFS results were consistent with the
HARPS results.
We then performed a joint analysis using both the PFS and
HARPS datasets. We started with the simplest model, assum-
ing circular orbits. The radial-velocity residuals of the best-
fitting model showed substantial temporal correlation. Specif-
ically, the most prominent peak in the Lomb-Scargle peri-
odogram of the radial velocity data occurred at 20.6± 1.6
days, with a false alarm probability (FAP) of 5.6× 10−3.
This same peak remained the strongest in the periodogram of
the radial-velocity residuals after subtracting the best-fitting
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FIG. 12.— Measured radial velocity of EPIC 205071984 (open circles are
new HARPS data; black circles are new PFS data) and the best-fitting circu-
lar model (red line). The contributions from each planet are also plotted as
colored lines. The gray solid line represent a constant acceleration term.
model. Meanwhile, the stellar rotation period is 40±10 days,
based on the Lomb-Scargle periodogram of K2 light curve.
This suggests that the temporal correlation in the radial-
velocity residuals might be caused by radial velocity pertur-
bations induced by stellar activity. The BIS and the observed
radial velocity variations from HARPS also showed substan-
tial correlation (see Fig 3). The Pearson correlation coefficient
and the corresponding p-value were calculated to be 0.36 and
0.018, indicating that the observed degree of correlation has
only a 2% chance of being produced by uncorrelated noise.
To account for the effects of stellar variability, we tried the
following strategy. We added to the model a series of sinu-
soidal functions of time with periods corresponding to the
lowest harmonics of the stellar rotation period (Prot, Prot/2,
Prot/3, etc.). We imposed a prior on Prot (40± 10 days). The
amplitudes and phases of the sinusoids were allowed to float
freely. In order to decide on the number of harmonics to in-
clude, we used the BIC as a determinant. The model with the
lowest BIC was selected. After experimenting with different
numbers of sinusoids to model the stellar activity signal, we
found that none of the models with sinusoidal stellar activity
signals yielded a lower BIC number than the original model.
In other words, the models with additional sinusoidal vari-
ability representing stellar activity did not improve the fit by
enough to justify the increase in the number of parameters.
Additionally, the orbital period of K2-3d and the stellar rota-
tion period (45 and 40 days) are close to one another. Thus,
the amplitude of the radial velocity signal from K2-3d and
the amplitude of rotation-induced radial velocity perturbation
are highly degenerate. A much longer time series would be
required to disentangle the signals from K2-3d and stellar ac-
tivity. Therefore, we reverted to the original model (see Fig. 1
and 2) and concluded that the mass of K2-3d cannot be con-
strained with the data at hand. The results for the other plan-
ets are Mb = 8.1+2.0−1.9 M⊕ and Mc = < 4.2 M⊕ (95% conf.).
The standard deviation of the radial velocities was 5.5 m s−1.
After subtracting the best-fitting three-planet model, the stan-
dard deviation of the residuals was reduced to 4.7 m s−1.
We then allowed for non-zero eccentricity. The mass con-
straints changed to: Mb = 7.7+2.0−2.0 M⊕, Mc = < 12.6 M⊕ (95%
conf.). See Table 1. The eccentricity of planet b was con-
strained as eb = 0.21+0.15−0.12, while the eccentricities of the planet
c and d were unconstrained. The circular model had a more
favorable BIC than the eccentric model.
5.2. K2-19
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FIG. 13.— Radial velocity as a function of time since mid-transit, for each
of the planets in the EPIC 205071984 system (open circles are new HARPS
data; black circles are new PFS data). In each case, the modeled contributions
of the other two planets has been removed, before plotting. In the best-fitting
model, planet c has a negative mass, an unphysical result that probably arises
from astrophysical or systematic noise.
K2-19 or EPIC 201505350 is a G9V star with three tran-
siting planet candidates. The outer two planets (“b”, with ra-
dius 7.74± 0.39 R⊕; and “c”, 4.86+0.62−0.44 R⊕) have periods of
7.9 days and 11.9 days. They are within or near a 3:2 mean-
motion resonance (MMR). These two planets were first re-
ported by Foreman-Mackey et al. (2015). Vanderburg et al.
(2016) and Sinukoff et al. (2015) later revealed a third planet
candidate in the system: “d”, with a radius of 1.14±0.13 R⊕
and an orbital period of 2.5 days. Note that the planet can-
didates were named based on the order in which they were
discovered, rather than orbital distance. K2-19b and K2-
19c have been validated using transit-timing variations and
adaptive-optics imaging (Armstrong et al. 2015; Narita et al.
2015; Sinukoff et al. 2015). The transit candidate K2-19d has
not been validated in this manner, but the false positive proba-
bility is expected to be low because it is associated with a star
already known to have multiple transiting planets.
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FIG. 14.— The BIS and radial velocity variations from HARPS for the
EPIC 205071984 system. The color coding shows the SNR of the stellar
spectra obtained near a wavelength range of 5500 Å. The uncertainty in the
BIS is taken as twice the uncertainty of the radial velocity measurement. The
Pearson correlation coefficient between RV and BIS were calculated to be
−0.26 with p = 0.094.
We observed K2-19 from January 28th to July 3rd, 2015,
with PFS. We obtained a total of 61 spectra. The average
internally-estimated radial velocity uncertainty was 5.0 m s−1.
We also observed K2-19 with HARPS from June 12th to
June 30th, 2015, obtaining 8 spectra. The average internally-
estimated radial velocity uncertainty was 3.8 m s−1. Our
radial velocity analysis started with the simplest model, as-
suming circular orbits for each planet candidate. The radial-
velocity residuals showed strong temporal correlation, sim-
ilar to the case of K2-3. Specifically, the most prominent
peak in the Lomb-Scargle periodogram of the radial veloc-
ity data occurred at 21.6± 1.1 days with FAP = 1.7× 10−3.
This is similar to the stellar rotation period of 20.4±2.7 days,
which was estimated based on the K2 photometry. Thus, the
21.6±1.1 day signal in the RV data seems likely to be caused
by stellar activity. We did not observe a significant correlation
between the measured RV and the BIS (see Fig 6) but the test
is not conclusive, given that only a few HARPS data points
were obtained.
To account for the rotation-induced radial velocity pertur-
bations, we experimented with the following strategies. We
separated the Doppler observations into groups of 12-day du-
ration and allowed each group to have an independent radial
velocity offset. A similar grouping strategy was employed
by Howard et al. (2013) to disentangle the planetary signal
of Kepler-78b (Pb ≈ 0.35 days) from the stellar activity sig-
nal (Prot ≈ 12.5 days). This grouping strategy is most effec-
tive when there is a clear separation in timescales between the
planetary signal and the stellar activity signal. This separation
is not as extreme for K2-19 as it was for Kepler-78b. The stel-
lar rotation period of K2-19 is about 21 days, while the orbital
periods of the planets are 2.5, 8 and 12 days. Nonetheless, the
stellar rotation period of 21 days is still about twice as long
as the longest orbital period of the planets. The choice of
grouping in 12-day intervals was made such that each group
covered at least one orbital period of the outermost planet.
Therefore it should largely preserve the planetary signals. We
also tried to model the stellar activity signal explicitly as a
series of sinusoidal functions at the lowest harmonics of the
stellar rotation period, but for our final analysis we adopted
the grouping approach (see Fig 4 and 5). This is because the
grouping approach produced a better fit to the data as indi-
cated by a ∆BIC of 43 for 68 data points. Additionally, the
sinusoidal approach may not be appropriate for the case of
K2-19, because the rotation-induced radial velocity perturba-
tions might not remain coherent over the observation span of
half a year (≈8 rotation cycles).
The radial velocity signals of K2-19b and c were clearly
detected with semi-amplitudes Kb = 9.6+1.8−1.6 m s
−1 and Kc =
7.5+2.1−2.1 m s
−1. Our analysis set an upper bound of Kd <
6.9 m s−1 (95% conf.) on the semi-amplitude of the inner-
most and smallest planet K2-19d. The standard deviation
of the measured radial velocities was 14.3 m s−1, while the
standard deviation of the residuals after subtracting the best-
fitting model was reduced to 10.2 m s−1. The planetary masses
were then calculated from the semi-amplitudes, orbital peri-
ods, and the stellar mass. The masses of K2-19b-d were re-
spectively constrained as Mb = 28.5+5.4−5.0 M⊕, Mc = 25.6
+7.1
−7.1 M⊕
and Md < 14.0 M⊕ (95% conf.). We tested the long-term dy-
namical stability using Equations 3 and 4. The best-fitting
model has ∆1 +∆2 ≈ 28 > 18, consistent with stability. For
comparison, we also report the various results without apply-
ing the 12-day averaging method in Table 2.
We also tried an eccentric model. The masses of planets
b and c increased slightly while the constraint for planet d
remained as an upper bound (see Table 2). The eccentricities
of planet b and c were both consistent with zero, with upper
bounds of eb < 0.66 (95% conf.) and ec < 0.82 (95% conf.).
Obviously the eccentricity of planet d was not constrained,
either.
5.3. K2-24
Petigura et al. (2016) reported the discovery of K2-24, a
G9V star with two sub-Saturn planets close to (or within) a
2:1 MMR. The orbital periods are 21 and 42 days. They mea-
sured the planetary radii to be Rb = 5.68± 0.56 R⊕ and Rc =
7.82±0.72 R⊕ by fitting transit models to the K2 light curves.
They were also able to validate the planets with adaptive-
optics imaging and Doppler spectroscopy. They measured the
masses, Mb = 21.0±5.4 M⊕ and Mc = 27.0±6.9 M⊕, based
on Doppler data obtained with Keck/HIRES. They obtained
32 spectra with a typical internally-estimated radial velocity
uncertainty of 1.7 m s−1.
We observed K2-24 with PFS from June 25th to July 3rd,
2015, obtaining a total of 16 spectra. The average internally-
estimated radial velocity uncertainty was 1.7 m s−1. We also
monitored K2-24 with HARPS from June 17th to Septem-
ber 11th, 2015, obtaining 10 spectra. The average internally-
estimated radial velocity uncertainty was 2.1 m s−1. We ini-
tially modeled the PFS and HARPS data only, as an indepen-
dent check of the results reported by Petigura et al. (2016).
This led to mass constraints of Mb = 30.0+9.1−9.3 M⊕ and Mc <
21.3 M⊕ (95% conf.). Both of these are consistent with the
HIRES results. We then proceeded to perform a joint anal-
ysis with the HIRES data, yielding mass constraints of Mb =
19.8+4.5−4.4 M⊕ and Mc = 26.0
+5.8
−6.1 M⊕ (see Fig. 7 and 8). Petigura
et al. (2016) found it necessary to include a constant acceler-
ation term, γ˙ = −22.5±9.2 m s−1yr−1, to obtain a satisfactory
fit. This may indicate the presence of an additional compan-
ion in the system. Our joint analysis led to reduced signifi-
cance of this acceleration: γ˙ = −12+10−10 m s−1yr−1. In particular,
the HARPS data which spanned ≈3 months seem to disfa-
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vor a constant acceleration (see Fig. 7). When we allowed
for non-zero eccentricity for both planets, the best-fitting
planet masses increased slightly (see Table 3). The eccen-
tricity constraint for the inner planet’s orbit was 0.24+0.10−0.11 (Pe-
tigura et al. 2016, 0.24+0.11−0.11). The eccentricity of the the outer
planet’s orbit was consistent with zero with an upper bound of
< 0.58 (95% conf.) (Petigura et al. 2016,< 0.39 (95% conf.)).
We adopted the circular models as they were favored by a
∆BIC of 14.
We checked if the observed radial velocity could be caused
by stellar activity. The Pearson correlation coefficient and
the corresponding p-value were calculated to be −0.14 and
0.70. The large p-value suggests that there is no significant
correlation between BIS and radial-velocity variations (see
Fig 9). The standard deviation of the radial velocity data
was 6.2 m s−1, while the standard deviation of the residu-
als after subtracting the best-fitting circular model reduced to
3.2 m s−1. The separation between the two planets, in units of
their mutual Hill radius, is ∆≈ 16.9 (as defined in Equations
3 and 4). This is well above the minimum value of 2
√
3 that
is needed for dynamical stability, according to the criterion of
Gladman (1993).
5.4. EPIC 204129699
EPIC 204129699 is G7V star with a 1.26-day hot Jupiter.
Grziwa et al. (2015) modeled the K2 photometry and found
that the transit trajectory of the planet likely grazes the stellar
limb (b = 0.9−1.05). They also measured the planetary mass
to be Mb = 1.774± 0.079 MJup using Doppler observations
obtained with FIES and HARPS. We obtained 7 PFS spec-
tra from June 26th to July 3rd, 2015, and 10 TRES spectra
from April 10th to May 11th, 2015. The average internally-
estimated radial velocity uncertainties for PFS and TRES
were 1.5 m s−1 and 16 m s−1, respectively.
To improve on our knowledge of the stellar parameters for
EPIC 204129699, we also obtained a high-SNR spectrum
with the High Dispersion Spectrograph (HDS) on the Sub-
aru 8.2m telescope on May 30, 2015. From the measurement
of equivalent widths of iron lines (Takeda et al. 2002), we es-
timated the stellar atmospheric parameters as Teff = 5384±46
K, logg = 4.410± 0.060, and [Fe/H] = 0.21± 0.03. We
also analyzed the 10 TRES spectra using the procedure de-
scribed by Buchhave et al. (2012) and Buchhave & Latham
(2015). The results (Teff = 5445± 49 K, logg = 4.52± 0.10,
and [Fe/H] = 0.16±0.08) were consistent with the HDS val-
ues. We thus opted to combine these measurements to obtain
a weighted average of Teff = 5412±33 K, logg = 4.44±0.05,
and [Fe/H] = 0.20± 0.03. These atmospheric parameters
were then converted into estimates for the stellar mass and
radius using the empirical relations presented by Torres et al.
(2010). Using these relations and Monte-Carlo sampling (Hi-
rano et al. 2012a) we obtained M? = 1.000± 0.064M and
R? = 0.986± 0.070R. These stellar parameters are consis-
tent with the Yonsei-Yale stellar-evolutionary models (Yi et al.
2001).
By analyzing our PFS and TRES data, we measured the
mass of EPIC 204129699b to be Mb = 1.856± 0.084 MJup.
This is consistent with the results of Grziwa et al. (2015).
We then analyzed our PFS and TRES data jointly with the
published FIES and HARPS data from Grziwa et al. (2015).
The result for the planet mass is Mb = 1.857± 0.081 MJup.
The RMS of the measured radial velocities was 262 m s−1,
whereas the RMS of residual radial velocities was reduced to
18.2 m s−1. Given the short tidal circularization timescale that
is expected for such a close-in orbit, the assumption of a cir-
cular orbit seems justified. Indeed, our joint analysis favored
the circular model over the eccentric model by∆BIC of 15 for
25 data points, and placed an upper limit on the eccentricity
as < 0.027 (95% conf.). See Fig. 10 and 11 and Table 4.
5.5. EPIC 205071984
EPIC 205071984 is a G9V star with three transiting planet
candidates reported by Vanderburg et al. (2016) and Sinukoff
et al. (2015). The inner planet is on a 9-day orbit with
a radius of 5.38± 0.35 R⊕. The outer two planets have
radii of 3.48± 0.97 R⊕ and 3.75± 0.40 R⊕ and they are
within or close to a 3:2 MMR, with orbital periods of 20.7
and 31.7 days. Adaptive-optics images obtained by Sinukoff
et al. (2015) revealed several nearby faint sources; however,
through a careful analysis of the K2 pixel data, those authors
demonstrated that the dimming events cannot be associated
with those faint sources, and are most likely associated with
EPIC 205071984.
We monitored EPIC 205071984 with PFS from June 25th
to July 3rd, 2015, obtaining 6 spectra. The average internally-
estimated radial velocity uncertainty was 2.4 m s−1. We also
observed EPIC 205071984 with HARPS from April 5th to
July 7th, 2015, obtaining 43 spectra. The average internally-
estimated radial velocity uncertainty was 2.6 m s−1. Our
analysis started with the simplest model assuming circular
orbits. The residuals suggested a positive linear trend with
time. We added a term to the model representing a constant
acceleration, which improved the model fit by ∆BIC ≈ 12
(see Figs.12 and 13). The resulting mass for planet b was
Mb = 21.1+5.9−5.9 M⊕ corresponding to a 3.5σ detection. We did
not detect planets c and d. In fact, the best-fitting model sug-
gested an unphysical negative mass for planet c (see Fig. 13).
We therefore only report upper limits for planet c and d: Mc
< 8.1 M⊕ and Md < 35.0 M⊕ both at a 95% confidence level.
The RMS of the measured radial velocities was 7.9 m s−1,
whereas the RMS of residual radial velocities was reduced to
4.2 m s−1. The Pearson correlation coefficient between RV
and BIS is −0.26 with p = 0.094 (see Fig. 14).
The constant acceleration term was constrained as γ˙ =
34.0+9.9−9.7 m s
−1yr−1. If this trend is associated with another
companion in the system, we can estimate the order of mag-
nitude of M sin i as function of semi-major axis a. Assuming
a circular orbit and M sin i M?, then γ˙ ≈ G M sin i/a2.
The data suggest that the companion’s mass and semi-major
axis are such that
M sin i≈ 60 M⊕
( a
1 AU
)2
. (6)
We then tried allowing for eccentric orbits for the three
planets. The mass of planet b increased to 25.0+7.4−7.0 M⊕, while
the upper bounds on planet c and d also increased slightly (see
Table 5). We found that the eccentricity of planet b was con-
sistent with zero with an upper bound of <0.43 (95% conf.).
Due to non-detection of the signals from planet c and d, their
eccentricities were unconstrained.
6. DISCUSSION
Fig. 15 shows all of the reported measurements of mass and
radius for planets smaller than 4R⊕, from our own sample and
from the literature. To convey the statistical significance of
the measurements, we have set the opacity of the data points
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FIG. 15.— The mass radius diagram of sub-Neptune planets. The yellow
circles indicate the mass measurements from TTV analysis; the black circles
indicate the mass measurements from Doppler method. The opacity indicates
the quadrature sum of the SNR of the mass and radius measurement of each
planet. The mass measurements and upper limits (95% conf.) presented in
this paper are annotated with error bars and red arrows. The theoretical mass-
radius relationships from Zeng & Sasselov (2013) are also plotted. “Rock”
corresponds to a composition of 100% MgSiO3.
in proportion to the quadrature sum of the SNR of the radius
and mass measurements for each planet. Darker symbols cor-
respond to higher SNR. We have also plotted theoretical mass-
radius relationships for various compositions, from Zeng &
Sasselov (2013).
K2-3 is a favorable target for JWST owing to the fact that
the host star is relatively bright (Ks = 8.561±0.023) and small
(R? = 0.561± 0.068 R). Our analysis has confirmed the
mass measurement of the innermost planet K2-3b by Alme-
nara et al. (2015): they found Mb = 8.4± 2.1 M⊕ while we
find Mb = 8.1+2.0−1.9 M⊕. Because we adopted a slightly differ-
ent stellar mass from that reported by Almenara et al. (2015),
a more direct comparison is between the measured velocity
semi-amplitudes K. Almenara et al. (2015) reported Kb =
3.60± 0.87 m s−1, and our result of Kb = 3.36+0.75−0.74 m s−1 is
consistent with theirs. The mass and radius of K2-3b are rem-
iniscent of 55 Cnc e. Both planets have dimensions of roughly
≈8 M⊕ and ≈2 R⊕.
Using the model of Zeng et al. (2015), the measured mass
and radius of K2-3b suggests that the planet may contain up to
60% H2O with 40% MgSiO3. Should the presence of H2O be
confirmed by spectroscopic follow-up, interesting questions
will be raised. How did the planet acquire its water? Did
it form beyond the snow line and migrated inward? Or did
it form in situ and acquire its water from cometary impacts?
For K2-3c, our analysis placed a upper bound of <4.2 M⊕
with 95% confidence. This upper bound is not strong enough
to allow for firm conclusions about the composition, but it is
at least suggestive of a composition similar to or less dense
than pure rock. As we noted in the previous section, the prox-
imity of the orbital period of K2-3d and the stellar rotation
period (45 days and 40 days) makes it difficult to disentangle
the planetary signal of K2-3d and the stellar activity signal in
Doppler observations. A much longer time series would be
required.
K2-19 presents a rare opportunity to compare the results
of the RV method and the TTV method for planetary mass
measurement. So far the majority of exoplanets have their
mass measured with one or the other of these two methods.
The TTV method seems to be yielding systematically smaller
masses than the RV method (Weiss & Marcy 2014). To illus-
trate this, we have used different colors in Fig. 15 to represent
mass measurements based on the TTV and Doppler meth-
ods. Many of the planetary systems unveiled by TTV analysis
have surprisingly low densities (Lissauer et al. 2013; Schmitt
et al. 2014; Masuda 2014; Jontof-Hutter et al. 2014). Stef-
fen (2015) attributed the discrepancy to selection effects: for
a given planet size, the RV method tends to pick up the more
massive planets, while the TTV method is less strongly bi-
ased toward massive planets. This is because the proximity to
MMR amplifies the TTV signal, thus making smaller planets
detectable. Lee & Chiang (2015) offered a related explana-
tion. Since the TTV method is more sensitive to planets in
MMR, and convergent disk migration tends to produce plan-
ets in resonant pairs, it is possible that the TTV planets are
more likely to have undergone disk migration. Consequently,
the TTV planets tend to originate further out in the protoplan-
etary disk. The outer, thus colder and optically thinner part
of the disk is more conducive for the formation of low den-
sity planets ("super-puffs"), because the gaseous atmosphere
of these planets can readily cool and contract thereby allow-
ing more gas to be accreted. Therefore, TTV planets more
likely have lower densities.
As always it is useful to have at least some systems where
more than one measurement technique can be applied. The
comparison of TTV and RV measurements for a single system
has only been achieved in a few cases: Kepler-11 (Lissauer
et al. 2013; Weiss et al. 2015), WASP-47 (Becker et al. 2015;
Dai et al. 2015) and Kepler-89 (Hirano et al. 2012b; Masuda
et al. 2013; Weiss et al. 2013). For the former two systems,
the TTV and Doppler methods agree within reported uncer-
tainties. However, for Kepler-89 the TTV mass measurement
by Masuda et al. (2013) is lower than the Doppler mass mea-
surements reported by both Hirano et al. (2012b) and Weiss
et al. (2013). In the former case the discrepancy is 1σ and in
the latter case it is nearly 4σ.
K2-19 offers another opportunity to compare TTV and RV
mass determinations. The system has been analyzed with the
TTV method by Narita et al. (2015) and Barros et al. (2015).
Using the analytical TTV model presented by Deck & Agol
(2015), Narita et al. (2015) found Mc = 21.4± 1.9 M⊕. This
is in agreement with our RV mass: Mc = 25.6+7.1−7.1 M⊕. Barros
et al. (2015) derived masses for K2-19b and c by analyzing
the short-term synodic signal ("chopping") in the TTV of the
system with a photodynamical model. 20 The results were Mb
= 44± 12 M⊕ and Mc = 15.9± 7.0 M⊕. These results were
based on an assumed stellar mass of 0.918+0.086−0.070 M, whereas
we assumed 0.93±0.05 M based on work by Sinukoff et al.
(2015). To facilitate comparison, we rescaled our results un-
der the same assumption for the stellar mass as Barros et al.
20 Vanderburg et al. (2016) and Sinukoff et al. (2015) recently revealed an-
other planet in the system, K2-19d a super-Earth on a 2.5 day orbit. With its
presence in the system, the photodynamical model may need to be revised.
However, given that planet d is much smaller and far from mean-motion res-
onance with the other two planets, its effect on other two planets should be
quite small.
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(2015), finding the RV masses to be Mb = 28.1+5.3−4.9 M⊕ and Mc
= 25.3+7.0−7.0 M⊕. These differ from the photodynamical masses
by 1.2σ and 0.9σ, respectively, for planets b and c.
In addition to the planetary masses, Barros et al. (2015)
also reported the mass ratio McMb = 0.42± 0.12. The ratio
can be directly constrained based on the observed synodic
chopping signal for mildly eccentric, nearly coplanar systems
(Nesvorný & Vokrouhlický 2014; Deck & Agol 2015). In
contrast, in our RV analysis, the mass ratio is relatively poorly
constrained (McMb = 0.90
+0.39
−0.35).
The low mean density (0.334+0.081−0.077 g cm
−3) of K2-19b sug-
gests a large envelope-to-core mass ratio. The low surface
gravity of K2-19b coupled with its relatively large size makes
it a potentially favorable target for transmission spectroscopy.
K2-19c has a size of 4.86+0.62−0.44 R⊕ and a mean density of
1.18+0.57−0.57 g cm
−3. The low density suggests that the planet
most likely contains a subsantial H/He envelope. Due to the
small size of planet d, our current dataset only placed an up-
per limit on its mass. More observations are needed before
we can discuss the nature of planet d.
Petigura et al. (2016) found the masses of K2-24 b and c
to be Mb = 21.0± 5.4 M⊕ and Mc = 27.0± 6.9 M⊕. Based
on the masses, radii and irradiation levels of the two plan-
ets, they were able to estimate the relative envelope-to-core
mass ratio by fitting the data with models by Lopez & Fort-
ney (2014) for the interior compisition and thermal evolution.
They found that the two planets have similar core masses:
17.6±4.3 M⊕ and 16.1±4.2 M⊕, while having different en-
velope mass fractions of 24± 8% and 48± 9%. The results
of their analysis posed intriguing questions about the forma-
tion scenarios of the two planets. How did the planets avoid
runaway core accretion with core masses of ≈16 M⊕? Why
did they end up with such disparate envelope-to-core mass
ratios? Our analysis has confirmed and refined the mass mea-
surements of the two planets: Mb = 19.8+4.5−4.4 M⊕ and Mc =
26.0+5.8−6.1 M⊕, and weakened the detection of a constant ac-
celeration term reported by Petigura et al. (2016). However,
it does not alter the basic picture painted by Petigura et al.
(2016). EPIC 205071984b has very similar properties as K2-
24b. Again, its low density suggests a substantial gaseous
envelope. The upper limits for EPIC 205071984 c and d, Mc
< 8.1 M⊕ and Md < 35.0 M⊕ both at a 95% confidence level,
are reasonable for Neptune-sized planets.
The mass of EPIC 204129699b was measured with rela-
tively high precision: 1.857± 0.081 MJup. However, due to
the 30 min time averaging of the K2 photometric data and the
grazing trajectory of the transiting planet, the uncertainties
in the transit parameters are larger than usual (Grziwa et al.
2015). As a result, the planetary radius (and mean density)
are relatively poorly constrained. Given that the host star is
relatively bright (V ≈ 11), a priority for future work should be
ground-based transit observations with better time sampling,
which will help to break the degeneracies.
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SYSTEM PARAMETERS OF K2-3
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ρ (g cm−3) 3.8+1.8−1.7 5.6
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Amplitude of stellar activity (m s−1) 3.9+1.4−1.5 A
Phase of stellar activity (rad) 2.1+2.8−1.6 A
NOTE. — A: This Work; B: Crossfield et al. (2015); C: Sinukoff et al. (2015). ?: The radial velocity result for planet d is highly degenerate with stellar activity
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TABLE 2
SYSTEM PARAMETERS OF K2-19
Parameter Ref.
Stellar Parameters
Teff (K) 5430±60 B
log g (dex) 4.63±0.07 B
[Fe/H] (dex) 0.10±0.04 B
v sin i (km s−1) < 2 B
M? ( M) 0.93±0.05 B
R? (R) 0.86±0.04 B
Apparent V mag 13.00±0.01 B
Planetary Parameters b c d
Transit Model
P (days) 7.91940±0.00005 11.90715±0.00150 2.50856±0.00041 B
t0 (BJD-2454900) 1913.3837±0.0003 1917.2755±0.0051 1908.9207±0.0086 B
Rp (R⊕) 7.74±0.39 4.86+0.62−0.44 1.14±0.13 B
Circular RV model (with 12-day averaging)
K (m s−1) 9.6+1.8−1.6 7.5
+2.1
−2.1 < 6.9 (95% conf.) A
Mp ( M⊕) 28.5+5.4−5.0 25.6
+7.1
−7.1 < 14.0 (95% conf.) A
ρ (g cm−3) 0.334+0.081−0.077 1.18
+0.57
−0.57 < 51.4 (95% conf.) A
σjit, PFS (m s−1) 10.0+1.4−1.2 A
σjit, HARPS (m s−1) 2.2+2.8−1.7 A
Circular RV model (without 12-day averaging)
K (m s−1) 9.0+1.7−1.6 6.3
+1.9
−2.0 < 7.7 (95% conf.) A
Mp ( M⊕) 26.2+5.0−4.8 20.9
+6.5
−6.6 < 15.6 (95% conf.) A
ρ (g cm−3) 0.307+0.075−0.072 0.96
+0.52
−0.53 < 57.3 (95% conf.) A
σjit, PFS (m s−1) 11.8+1.5−1.2 A
σjit, HARPS (m s−1) 1.9+2.3−1.3 A
Eccentric RV model
K (m s−1) 11.42+2.3−2.4 7.8
+2.9
−3.2 < 9.7 (95% conf.) A
Mp ( M⊕) 31.8+6.7−7.0 26.5
+9.8
−10.8 < 9.6 (95% conf.) A
ρ (g cm−3) 0.374+0.095−0.089 1.26
+0.67
−0.70 < 35.2 (95% conf.) A
e < 0.66 (95% conf.) < 0.82 (95% conf.) Unconstrained A
σjit, PFS (m s−1) 9.7+2.4−1.5 A
σjit, HARPS (m s−1) 2.2+3.1−1.6 A
NOTE. — A: This work. B: Sinukoff et al. (2015)
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TABLE 3
SYSTEM PARAMETERS OF K2-24
Parameter Ref.
Stellar Parameters
Teff (K) 5743±60 B
log g (dex) 4.29±0.07 B
[Fe/H] (dex) 0.42±0.04 B
v sin i (km s−1) < 2 B
M? ( M) 1.12±0.05 B
R? (R) 1.21±0.11 B
Apparent V mag 11.07±0.13 B
Planetary Parameters b c
Transit Model
P (days) 20.8851±0.0003 42.3633±0.0006 B
t0 (BJD-2454900) 2005.7948±0.0007 2015.6251±0.0004 B
Rp (R⊕) 5.68±0.56 7.82±0.72 B
Circular RV model
K (m s−1) 4.25+0.95−0.94 4.4
+1.0
−1.0 A
Mp ( M⊕) 19.8+4.5−4.4 26.0
+5.8
−6.1 A
ρ (g cm−3) 0.59±0.22 0.30+0.11−0.11 A
γ˙ (m s−1 yr−1) −12+10−10 A
σjit, PFS (m s−1) 3.7+1.0−0.8 A
σjit, HARPS (m s−1) 3.9+2.1−1.8 A
σjit, HIRES (m s−1) 3.57+0.75−0.59 A
Eccentric RV model
K (m s−1) 5.0+1.0−1.0 5.4
+1.3
−1.1 A
Mp ( M⊕) 23.3+4.8−4.7 30.7
+7.1
−6.3 A
ρ (g cm−3) 0.69±0.25 0.35+0.13−0.12 A
e 0.24+0.10−0.11 < 0.58 (95% conf.) A
γ˙ (m s−1 yr−1) −14.9+8.3−8.1 A
σjit, PFS (m s−1) 3.43+0.96−0.71 A
σjit, HARPS (m s−1) 3.6+2.0−1.6 A
σjit, HIRES (m s−1) 3.13+0.67−0.57 A
NOTE. — A: This Work; B: Petigura et al. (2016).
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TABLE 4
SYSTEM PARAMETERS OF EPIC 204129699
Parameter Ref.
Stellar Parameters
Teff (K) 5412±34 A
log g (dex) 4.44±0.05 A
[Fe/H] (dex) 0.20±0.03 A
v sin i (km s−1) 2.6+1.0−1.0 A
M? ( M) 1.000±0.064 A
R? (R) 0.986±0.070 A
Apparent V mag 10.775±0.023 A
Planetary Parameters b
Transit Model
P (days) 1.257850±0.000002 B
t0 (BJD-2454900) 2291.70889±0.00024 B
Rp (R⊕) Unconstrained B
Circular RV model
K (m s−1) 349.5+3.1−3.7 A
Mp ( M⊕) 590.1+25.7−25.9 A
ρ (g cm−3) Unconstrained A
σjit, PFS (m s−1) 14.9+8.6−4.2 A
σjit, HARPS (m s−1) 9+24−6 A
σjit, TRES (m s−1) 28+12−8 A
σjit, FIES (m s−1) 3.3+5.1−2.3 A
Eccentric RV model
K (m s−1) 348.5+3.4−3.6 A
Mp ( M⊕) 564.2+8.3−9.5 A
ρ (g cm−3) Unconstrained A
e < 0.027 (95% con f .) A
σjit, PFS (m s−1) 16+11−5 A
σjit, HARPS (m s−1) 7+20−5 A
σjit, TRES (m s−1) 29+12−8 A
σjit, FIES (m s−1) 3.3+5.3−2.4 A
NOTE. — A: This Work; B: Grziwa et al. (2015).
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TABLE 5
SYSTEM PARAMETERS OF EPIC 205071984
Parameter Ref.
Stellar Parameters
Teff (K) 5315±60 B
log g (dex) 4.43±0.07 B
[Fe/H] (dex) 0.00±0.04 B
v sin i (km s−1) < 2 B
M? ( M) 0.87±0.04 B
R? (R) 0.87±0.05 B
Apparent V mag 12.332±0.017 B
Planetary Parameters b c d
Transit Model
P (days) 8.99218±0.00020 20.65614±0.00598 31.71922±0.00236 B
t0 (BJD-2454900) 2000.9258±0.0009 1999.4306±0.010 903.7846±0.0031 B
Rp (R⊕) 5.38±0.35 3.48+0.97−0.42 3.75±0.40 B
Circular RV model
K (m s−1) 7.1+2.0−2.0 < 2.1 (95% conf.) < 7.8 (95% conf.) A
Mp ( M⊕) 21.1+5.9−5.9 < 8.1 (95% conf.) < 35.0 (95% conf.) A
ρ (g cm−3) 0.74+0.25−0.25 < 1.1 (95% conf.) < 3.6 (95% conf.) A
γ˙ (m s−1 yr−1) 34.0+9.9−9.7 A
σjit, PFS (m s−1) 5.4+3.5−2.1 A
σjit, HARPS (m s−1) 3.37+0.69−0.58 A
Eccentric RV model
K (m s−1) 8.6+2.6−2.4 < 4.3 (95% conf.) < 8.9 (95% conf.) A
Mp ( M⊕) 25.0+7.4−7.0 < 16.5 (95% conf.) < 40.3 (95% conf.) A
ρ (g cm−3) 0.88+0.31−0.30 < 2.1 (95% conf.) < 4.2 (95% conf.) A
e < 0.43 (95% conf.) Unconstrained Unconstrained A
γ˙ (m s−1 yr−1) 34+13−13 A
σjit, PFS (m s−1) 7.2+4.3−2.8 A
σjit, HARPS (m s−1) 3.26+0.75−0.62 A
NOTE. — A: This work; B: Sinukoff et al. (2015)
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TABLE 6
RELATIVE RADIAL VELOCITY OF K2-3
BJD RV (m s−1) Unc. (m s−1) Source
2457050.75983 −8.34 2.51 0
2457051.80129 0.00 2.35 0
2457052.84973 −0.10 2.61 0
2457054.80341 2.80 4.38 0
2457055.83610 −3.97 2.81 0
2457061.76506 13.48 3.02 0
2457062.82087 −2.22 2.33 0
2457064.74697 −4.85 2.63 0
2457065.75519 −5.97 2.57 0
2457066.72884 −9.21 2.99 0
2457067.74709 −10.36 2.74 0
2457068.74840 −8.44 2.14 0
2457069.75326 1.86 2.51 0
2457118.61730 0.27 2.34 0
2457118.62796 0.72 2.56 0
2457118.63900 3.64 2.64 0
2457119.62004 4.87 1.95 0
2457119.63088 −2.53 2.24 0
2457119.64192 1.86 2.23 0
2457120.60464 17.54 1.91 0
2457120.61554 6.90 2.02 0
2457120.62655 1.24 1.88 0
2457121.58823 0.75 2.65 0
2457121.59876 −1.31 2.55 0
2457121.61042 −3.45 2.46 0
2457122.59521 −2.62 2.26 0
2457122.60651 4.05 2.21 0
2457122.61786 −3.06 2.59 0
2457123.60398 4.08 2.56 0
2457123.61534 −4.13 2.22 0
2457123.62646 0.31 2.19 0
NOTE. — 0: PFS
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TABLE 7
RELATIVE RADIAL VELOCITY OF K2-19
BJD RV (m s−1) Unc. (m s−1) BIS. (m s−1) Source
2457050.85856 −8.88 5.19 0
2457051.81505 −15.46 3.42 0
2457052.86521 −29.96 4.76 0
2457054.81634 0.96 6.52 0
2457055.85049 3.82 4.55 0
2457061.70681 20.63 6.77 0
2457061.79848 17.55 4.50 0
2457061.81294 30.88 5.05 0
2457062.77601 6.73 4.57 0
2457062.79007 13.98 4.42 0
2457062.80443 10.52 5.10 0
2457064.76307 8.89 4.15 0
2457064.77760 17.62 4.27 0
2457064.79190 30.78 4.92 0
2457065.76985 33.43 4.99 0
2457065.78424 23.95 4.94 0
2457065.79889 30.89 4.83 0
2457066.75799 26.22 5.42 0
2457066.77275 30.65 6.15 0
2457066.78723 4.93 7.64 0
2457067.76192 −10.04 5.16 0
2457067.77624 −22.25 5.54 0
2457067.79082 −0.95 5.19 0
2457068.76326 14.88 5.04 0
2457068.77757 2.66 5.19 0
2457068.79244 −6.31 5.14 0
2457069.76793 −23.29 5.11 0
2457069.78244 −11.48 5.13 0
2457069.79654 −12.98 5.01 0
2457118.65185 −13.28 4.09 0
2457118.66628 −1.10 4.78 0
2457118.68049 0.00 4.24 0
2457119.65552 −10.47 3.85 0
2457119.67002 −7.98 3.89 0
2457119.68417 10.92 4.36 0
2457120.63937 6.03 3.72 0
2457120.65355 7.85 5.47 0
2457121.62451 0.24 4.29 0
2457121.63942 8.99 3.82 0
2457121.65395 19.60 3.88 0
2457122.62934 6.10 5.34 0
2457122.64080 −16.70 4.84 0
2457122.65206 −6.75 5.11 0
2457123.63854 −16.07 5.56 0
2457123.66345 4.63 6.12 0
2457123.67839 −5.18 5.88 0
2457124.67522 −21.64 8.47 0
BJD RV (m s−1) Unc. (m s−1) BIS. (m s−1) Source
2457185.51808 3.74 3.19 1
2457186.50677 0.01 4.83 41.05 1
2457187.53841 −4.75 3.55 43.01 1
2457188.54280 −8.46 3.50 29.47 1
2457189.57695 −1.20 3.56 16.00 1
2457190.57602 −1.17 3.11 37.20 1
2457191.59452 11.82 3.99 28.18 1
2457203.50361 −11.02 4.73 29.63 1
2457198.47072 −10.79 5.13 0
2457198.52715 −6.69 4.53 0
2457199.51333 −15.31 4.49 0
2457199.52804 −1.28 5.21 0
2457200.52892 −9.33 5.14 0
2457200.54451 10.03 7.79 0
2457203.52075 −29.66 5.43 0
2457203.53537 −47.19 6.68 0
2457204.49376 −5.84 4.48 0
2457204.50816 −20.38 4.80 0
2457205.50352 −20.85 4.69 0
2457205.51810 −5.42 4.48 0
2457206.49605 11.04 4.13 0
2457206.50796 10.19 4.49 0
NOTE. — 0: PFS; 1: HARPS
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TABLE 8
RELATIVE RADIAL VELOCITY OF K2-24
BJD RV (m s−1) Unc. (m s−1) BIS. (m s−1) Source
2457198.61435 9.03 1.79 0
2457198.69058 9.35 1.91 0
2457199.60735 3.53 1.77 0
2457199.76091 5.34 1.79 0
2457200.70251 −3.16 1.43 0
2457200.71696 4.18 1.56 0
2457202.64632 0.00 1.75 0
2457202.66105 −5.46 1.91 0
2457203.55168 8.16 1.43 0
2457203.56610 2.72 1.52 0
2457204.67286 −3.11 1.54 0
2457204.68711 −0.53 1.53 0
2457205.60288 0.87 1.54 0
2457205.61494 −0.73 1.57 0
2457206.63194 −1.82 1.86 0
2457206.64440 −0.84 1.69 0
2457190.62372 1.86 1.33 23.05 1
2457190.81012 3.51 1.68 35.98 1
2457191.63661 −2.34 2.55 19.09 1
2457191.64804 4.43 2.41 21.81 1
2457249.50031 −4.52 3.79 37.23 1
2457253.46724 4.10 1.52 37.28 1
2457266.49748 −7.77 2.48 32.82 1
2457267.54626 −3.18 1.56 22.12 1
2457270.48326 −1.91 1.47 41.09 1
2457277.47435 5.83 1.86 26.13 1
NOTE. — 0: PFS; 1: HARPS
TABLE 9
RELATIVE RADIAL VELOCITY OF EPIC 204129699
BJD RV (m s−1) Unc. (m s−1) Source
2457199.59189 −284.80 1.64 0
2457201.60623 289.83 2.22 0
2457202.63203 368.56 1.33 0
2457203.63081 0.00 1.34 0
2457204.65786 −277.36 1.21 0
2457205.59027 −24.70 1.28 0
2457206.61979 347.99 1.46 0
2457122.88109 −487.18 13.52 2
2457144.86865 199.73 16.65 2
2457145.82832 −132.03 14.09 2
2457146.83816 −449.60 14.24 2
2457148.89470 −63.91 14.03 2
2457149.88110 224.15 24.69 2
2457150.88949 −3.44 16.81 2
2457151.88311 −410.65 14.66 2
2457152.83368 −340.50 14.12 2
2457153.85085 0.00 13.52 2
NOTE. — 0: PFS; 2: TRES
20 Dai et al.
TABLE 10
RELATIVE RADIAL VELOCITY OF EPIC 205071984
BJD RV (m s−1) Unc. (m s−1) BIS. (m s−1) Source
2457198.67460 −13.95 2.31 0
2457199.74554 −24.28 2.56 0
2457200.68722 −12.24 2.16 0
2457204.72413 0.00 2.40 0
2457205.64081 2.07 2.09 0
2457206.66905 2.37 2.67 0
2457185.60690 10.69 2.65 14.16 1
2457185.67718 10.92 2.34 8.36 1
2457185.81974 9.38 2.73 1.37 1
2457185.84975 3.16 4.14 1.26 1
2457186.59974 1.56 3.49 7.83 1
2457186.66981 8.09 2.97 1.12 1
2457186.79015 0.48 2.84 13.94 1
2457186.82363 6.96 3.18 0.83 1
2457187.67459 5.04 1.66 12.95 1
2457187.74382 2.94 2.41 19.73 1
2457187.78138 0.31 2.22 11.51 1
2457187.81506 8.21 3.13 9.47 1
2457188.63849 6.46 2.19 16.38 1
2457188.69403 5.69 1.73 5.09 1
2457188.75958 −8.45 3.83 17.25 1
2457188.79906 −1.28 2.62 10.10 1
2457188.83141 10.79 3.66 -8.32 1
2457189.64108 −1.58 2.19 -9.69 1
2457189.69856 −1.46 1.71 22.02 1
2457189.75643 −3.27 1.53 9.36 1
2457189.78890 −8.02 1.53 32.01 1
2457189.82294 −8.48 1.78 7.80 1
2457190.64915 −6.05 1.67 4.34 1
2457190.68400 −2.64 1.73 19.98 1
2457190.71716 −7.75 2.04 21.29 1
2457190.74988 −3.93 2.18 6.21 1
2457190.78420 −8.97 2.22 4.07 1
2457191.66878 −10.48 3.27 0.45 1
2457191.70642 −13.28 2.14 24.39 1
2457191.76095 −4.02 2.42 -2.81 1
2457191.79493 −4.92 3.20 22.16 1
2457191.82491 −0.74 3.98 14.21 1
2457192.65964 −2.13 3.69 13.14 1
2457198.72143 −2.16 4.51 8.10 1
2457198.80982 −11.76 2.74 11.57 1
2457199.60136 −9.32 1.89 15.52 1
2457199.68346 −13.58 1.59 4.78 1
2457211.70008 11.06 2.31 19.41 1
2457253.48543 −0.60 2.50 8.17 1
2457264.51816 6.03 2.99 -6.49 1
2457267.56388 15.81 2.15 15.49 1
2457270.50147 −0.73 1.92 7.98 1
2457278.56859 12.00 3.48 -4.74 1
NOTE. — 0: PFS; 1: HARPS
